Abstract. Aspects of the dynamics of internal solitary waves evolving in a three-layer ocean are investigated using a new numerical multilayer model that solves the nonlinear, weakly nonhydrostatic Boussinesq equations and uses high-resolution in situ data. The model applications refer to two different phenomena frequently observed in the real ocean, which can be described using a three-layer model rather than a two-layer model. In the first application the influence of the strength of a shallow seasonal thermocline superimposed on a two-layer permanent stratification on the structure of internal solitary waves is studied. It is found that while for small to medium wave amplitudes a decrease in the strength of the thermocline yields an increase in the simulated wavelengths, for large wave amplitudes this dependence is no longer monotonic. In particular, in the limiting case of a vanishing thermocline, first-mode internal solitary wave solutions of the three-layer numerical model tend to the analytical internal solitary wave solutions of the Miyata equations, a two-layer model, in which the full nonlinearity of the shallow-water theory up to first-order phase dispersion is retained. In the second application that refers particularly to high-resolution 
Introduction
In the past 2 decades the number of papers reporting observations of oceanic internal solitary waves has dramatically increased [Ostrovsky and Stepanyants, 1989 ; Apel et al., 1995] . Such a remarkable proliferation can be ascribed particularly to the continuously increasing amount of available high-resolution remote sensing data of the sea surface showing manifestations of internal solitary waves. models lies in their dynamical simplicity, which allows for a straightforward diagnosis of the processes retained. At the same time they are dynamically sophisticated enough to simulate realistically different oceanographic phenomena [McCreary et al., 1997] . Using this approximation, several studies have been carried out that demonstrate that considering a two-layer system suffices for the description of the main characteristics of internal solitary waves observed in the ocean, as the improvement brought by considering a more complex stratification is often only marginal. However, there are several phenomena related to internal solitary wave dynamics that cannot be addressed using a two-layer model, although they can be accurately described by layered models with more than two layers. In several locations of the world's oceans, for instance, superimposed on a permanent two-layer stratification, during most of the year a shallow seasonal thermocline is present that modifies the structure of the internal solitary waves travelling along the boundaries between the two permanent water masses and that may even constitute the main wave guide along which internal solitary On the other hand, the Strait of Messina is characterized by the presence, along its axis, of strong horizontal density gradients [Defant, 1940 [Defant, , 1961 . In the near-surface layer the water density is, in general, larger in the southern than in the northern part of the strait, although there is evidence that this climatological distribution undergoes strong changes: During October 1995, Brandt et al. [1999] observed, in fact, a reversal of the climatological horizontal density distribution in the near-surface water of the Strait of Messina. However, whenever a horizontal density gradient along the strait exists, surface and subsurface water jets can be generated by the action of the strong semidiurnal tide, from which largeamplitude internal solitary waves may evolve. In the initial stage of their evolution these jets appear as energetic features characterized by regions of enhanced vertical shear velocity where intense mixing can occur. However, the internal solitary waves produced by these disturbances appear as very robust features that propagate without appreciable energy loss. The dynamics of the flow features discussed in the two examples quoted above cannot be addressed using a two-layer oceanic model, but it can be described very simply and accurately using a three-layer oceanic model. The paper is organized as follows: In section2 the numerical model is described. In section 3, general characteristics of first-mode internal solitary waves in a threelayer system are discussed. In section4, tidally induced surface and subsurface jets are presented. In section5, processes related to the dynamics of internal solitary waves emerging from bore-like water jets are investigated numerically. Finally, in section 6, conclusions are presented.
Model Theory
The model used in the present investigation is a three-layer model, as schematically depicted in Table 1 . To initialize our numerical model, we used ad hoc disturbances of the interface displacements as well as of the velocity fields, which turned out to develop rapidly into form-preserving internal solitary waves. In order to minimize the size of our computational domain we referred the simulated disturbances to a Galilean frame moving at the phase velocity of the fastest internal disturbance, which emerged from the initial disturbance. A similar method for deriving numerical internal solitary wave solutions was used by Vlasenko et al. [2000] . Note that numerical stability was achieved in the present simulations without requiring the inclusion of horizontal diffusion terms.
Mathematically, the wavelength of a solitary wave is infinite. However, in the literature it is often defined as a typical horizontal length scale referring to aspects of the solitary wave structure like, for example, structure of the pycnocline displacement, distance between maximum horizontal velocity convergence and divergence, or distance between maximum and minimum vertical velocity. From these definitions it is evident that the wavelength of a solitary wave is, in general, a function of the vertical coordinate. A detailed investigation on the dependence of wavelength of large-amplitude internal solitary waves on depth is given by Vlasenko et al. [2000] . In the present study we will refer to the wavelength of an internal solitary wave defined as follows: wavelength relationship for internal solitary waves simulated bv our numerical model using the five different stratifications mentioned above (see Table 1 ) and derived by the Miyata model, an analytical two-layer model in which the full nonlinearity of the shallow-water theory up to first-order phase dispersion is retained [Miyata, 1988] 
Numerical
Simulations of Surface and
Subsurface Water Jets
In the following we will investigate aspects of the dynamics of bore-like water jets, especially their disintegration into trains of internal solitary waves. Our study will focus on the description of subsurface jets in a three-layer ocean. However, at the end of this section we will also present results referring to surface jets in a two-layer ocean. In a control run, inspired by the analysis of the data collected south of the Strait of Messina presented in section 4, we will try to reproduce aspects of the observed dynamics. We will then explore the behavior of nonlinear, weakly nonhydrostatic subsurface jets by varying different parameters that characterize these oceanic features. The simulation carried out using a two-layer system will refer to the situation observed north of the Strait of Messina. 
Simulation of a Subsurface

Conclusions
In this study we investigated aspects of the dynamics of internal solitary waves using a new numerical three-layer model that solves the nonlinear, weakly nonhydrostatic Boussinesq equations and using high-resolution in situ data. Model applications were presented for two phenomena that cannot be described using a two-layer model. The first phenomenon concerns the propagation of internal solitary waves in an ocean where a shallow seasonal thermocline is superimposed on a two-layer permanent stratification. We found that for small to medium wave amplitudes a decrease in the strength of the upper pycnocline, which represents in our study a shallow seasonal thermocline superimposed on a twolayer permanent stratification, yields an increase in the simulated wavelengths, but for large wave amplitudes this dependence is no longer monotonic. This behavior accounts for the radiating nature of the simulated water jets: Given a certain interface and density configuration, it is conceivable that in analogy to a two-layer system an initial velocity field will exist for which no variations in the layer thicknesses behind the jet front will result. However, as our investigation was aimed at understanding aspects of the dynamics of surface and subsurface jets as they were observed in the approaches of the Strait of Messina, our main focus was the study of their highly variable behavior induced by perturbations of the flow and density field. In other words, the jets observed north and south of the Strait of Messina cannot be understood fully by describing them as mere long internal waves propagating away from the sill as the variability in their evolution induced by variable bottom topography, horizontal density variations, variable ambient currents, and differential mixing defines them as peculiar features of the complex ocean dynamics.
